The preparation of CaSiO 3 -PMMA nanocomposite denture matrix was reported. We investigated the optimal amount of CaSiO 3 nano-particles modified by silane coupling agent (Z-6030) on strengthen flexural strength and surface hardness (Knoop hardness) of the nano-CaSiO 3 /PMMA composite materials. The results indicated that the 1.5% CaSiO 3 nano-particles could enable the nanocomposite to have the maximum flexural strength (90.50±4.86) MPa(increasing nearly 40% contrast to the blank group), while 2.0% CaSiO 3 nano-particles made the nanocomposite to have a maximum Knoop hardness(24.59±0.98) MPa (augmenting with 24% compared with the blank group). Furthermore, the fracture surface was investigated by scanning electron microscope (SEM), which revealed that the silane coupling agent (Z-6030) affected the dispersion of the CaSiO 3 nanoparticles in PMMA matrix, and the fracture surface of the 1.5% group is regular with obvious ductile dimple pattern demonstrating typical ductile fracture.
INTRODUCTION
Polymethyl methacrylate (PMMA) as a kind of denture base material was first introduced in 1936. It has many advantages, such as low cost, simple operation, easy polishing and repairing, stable performance in the oral environment, and great satisfaction in aesthetics. PMMA has become the most widely used matrix in denture base material. However, as a denture base material, PMMA also has some shortcomings, like polymerization shrinkage [1] poor wear resistance, especially in the mechanical properties such as insufficient strength and hardness. Researchers have found that even with the best clinical experience, the fracture of PMMA denture base still occurred from time to time [2] [3] [4] . In cases of denture repair, there were 33% cases of loss of artificial teeth and 29% cases of base fracture, especially in the middle fracture of maxillary complete denture [5] . Most fractures of denture base occurred when the dentures were used in masticatory function. The primary reason is that the bending fatigue of the base materials and the dynamic load and static load exceeding the materials' strength limit. Therefore, improving the mechanical properties of denture base materials is the focus of the current reLetter searches. To solve these problems and improve the mechanical properties of dental polymers, many attempts have been made. One of the alternatives for solving the problem is to incorporate some type of reinforcement into the denture base resin. Different inorganic materials [3, 4, 6] , such as metal wires and mesh, glass fibres, carbon fibres, aramid fibres, have been introduced to denture base resins to improve their physical and mechanical properties.
Nano-materials with small particle size and at high specific surface area show excellent performance and unique features different from the conventional materials. When inorganic nano-particles worked as fillers in polymer materials, superior characteristics of both polymer materials and nano-materials can be integrated together to enhance the rigidity, hardness, wear resistance, optical, electrical, magnetic and other functional properties of polymer materials [7] [8] [9] . So far, there are two major directions involved in the study of PMMA nanocomposites. One is inorganic oxide/PMMA nano-composite material; the other is layered silicate/PMMA nano-composite material. Layered silicate polymer nanocomposite has unique structures and superior physical proper-ties compared with conventional polymer composite materials, so it developed rapidly in recent years. Among those clays being used, montmorillonite (MMT) is frequently used in preparing clay/polymer nanocomposites, and MMT/PMMA nanocomposites were studied comprehensively [10] [11] [12] [13] [14] [15] [16] [17] . The SiO 2 nanoparticles is the most common one used in nanocomposite [18] [19] [20] [21] . Other nano-materials such as nano-Al 2 O 3 [22] , nano-CaCO 3 [23] , nanoAl(OH) 3 [24] , have also been applied to modify PMMA. Great attention was focused on bioglass and bioceramics containing CaO and SiO 2 for tissue engineering [25, 26] . CaSiO 3 is a typical Ca-Si based bioceramic with great biocompatibility, degradability and bioactivity [27] [28] [29] [30] , thus they are usually used for implant coating and bone tissue regeneration [31, 32] . On the other hand, there were few studies about using CaSiO 3 nano-particles to reinforce PMMA denture base materials. Therefore, the aim of this study was to compare the flexure strength of reinforced PMMA denture base resin using CaSiO 3 with unreinforced group and to evaluate the influence of CaSiO 3 on flexural and hardness properties. 
MATERIALS AND METHODS

Materials
Methods
2.2.1Modification of the CaSiO3 nano-particles
The CaSiO 3 nano-particles were surface modified with different amount of silane coupling agent (Z-6030) (0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 2.0%, 3.0%, and 4.0%, wt%) in acetone. First, different amount of Z-6030 were separately mixed with 20g acetone for 10min by ultrasonic oscillation. Then, 3g CaSiO 3 nano-particles were added into these mixed liquid at room temperature and ultrasonic mixed for 30min, afterwards, the temperature was increased to 80 ο C for coupling reaction and drying the nano-particles alternately for 24h.
Fourier Transform Infrared (FTIR) spectroscopy analysis
To revealed the presence of silane coupling agent, the silane coupling agent modified and unmodified nano CaSiO 3 powders were examined by Fourier Transform Infrared (FTIR) (EQUINOX 55, Bruker Co.,GERMANY) in wavenumber range of 400-4000 cm -1 . The nanoparticles were mixed with KBr in a mortar to prepare transparent tablets for FT-IR analysis.
Thermogravimetric analysis (TGA) Analysis\
The thermal properties of modified and unmodified nanocomnposites were performed by thermogravimetric analysis (TGA). The samples were heated from 25 o C to 900 o C at a rate of 10 o C/min in N 2 atmosphere, the flow rate was 40 ml/min.(SETSYS Evolution TGA, SETARAM Co, FRANCE)
Preparation of standard specimens
The modified CaSiO 3 nano-particles were ball milled with PMMA powder in terms of 2% content, at the speed of 180 rev/min for 10 minutes every other alternate ways to run the mixed powder for dry grinding 120 minutes with ball mill apparatus (XQM, P. R. China). Then the powder was mixed with mono-MMA (powder liquid ratio=2:1), and then initiated polymerizing according to the regular rule of denture base in order to get the experimental groups of nano-CaSiO 3 /PMMA composite materials. The unmodified CaSiO3 nano-particles were mixed with PMMA powder in terms of 2% content, and the unmodified nano-CaSiO 3 /PMMA was regarded as the control group. Pure PMMA was regarded as the blank group. Standard specimens were made (Length 64mm, width 10.0±0.2 mm , height 3.3±0.2 mm) [33] . Six standard specimens were used in every group. The CaSiO 3 nano-particles modified with 0.6% Z-6030 were ball milled with PMMA powder in terms of different contents (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0% and 4.5%, wt%) to get the experimental groups. The unmodified nano CaSiO 3 with same proportions mixed with PMMA was the control group and pure PMMA was regarded as the blank group.
Three-point bending test
All the groups were tested for flexural strength by three-point bending test after put in constant temperature water bath on 37 o C for 48h. Each specimen was tested, taking span of 50 mm and loading speed of 5mm/min by universal testing machine (EASY TEST, EZ20, LIoyd Instruments, LTD. U.K.), until the specimen fractured [32] .
Knoop hardness test
Three specimens were chosen randomly from each group to test the Knoop hardness after being pol-ished to mirror. Six points were selected from each specimen to test the Knoop hardness by microhardness tester (HX-1000TM, Shanghai Taiming Optical Instruments Co., Ltd.), loading on 10gf (0.098N) for 15s.
Scanning electron microscope (SEM) observation
One specimen was selected from each group and which fracture surfaces were coated with gold. The fracture surface of the specimens was investigated by field emission scanning electron microscopy (FEI SIRION 200, FEI Company, U.S.A).
Statistical Analysis
The data was analyzed with one-way analysis of variance (one-way ANOVA) by SAS 6.12 statistical software. Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type of testing that is performed on samples to determine changes in weight in relation to change in temperature. The TGA data in Fig.2 showed that the thermal stability of nanocomposites was relatively higher than the pure PMMA. The mass survival rate of modified nanocomposite was 36.20%,unmodified was 25.56% and pure PMMA
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16.99% in 350
o C,which indicated that the addition of nano CaSiO 3 could improve the thermal properties of PMMA.Otherwise,the amount of nano CaSiO 3 mixed in PMMA was limited that confined the amelioration of the thermal properties of PMMA.
To investigate the effect of silane coupling agent (Z-6030) on the flexural strength of nano-CaSiO 3 / PMMA composites and to select the optimal amount of Z-6030 used in nano-CaSiO 3 modification. The amount of silane coupling agent ranged from 0.5% to 4.0%. The flexural strength of the nano-composites influenced by different amount of silane coupling agent was shown in Table 1 .
The results indicated that with the amount of silane coupling agent increasing from 0.2% to 0.6%, the flexural strength of CaSiO 3 /PMMA nanocomposites increased, while the amount of silane coupling agent over 0.6%, the flexural strength slowly decreased (Fig.3) . It seemed that 0.6% would be the optimal amount of silane coupling agent (Z-6030) in modifying the CaSiO 3 nano-particals. When the amount of silane coupling agent was over 2.0%, it might produce ill effects on flexural strength comparing with blank.
Coupling agents are materials that can enhance the adhesive bonds of dissimilar surfaces. Common coupling agents include tetrafunctional organometallic compounds based on silicon, zirconate, or titanate coupling agents. Coupling agents are usually used for eliminating weak boundary layers, developing a highly crosslinked interphase region [34] . Silane coupling agent Z-6030 is γ-methacryloxypropyltrim ethoxy(γ-MPS), which hydroxymethyl groups could be substituted by hydroxyl groups that could chemically bond with -OH groups on the nano particles surface forming O-Si-O chemical bonding. When the amount of silane coupling agent was insufficient, the combination between the silane coupling agent and the CaSiO 3 nano-particals was not sufficient. So the flexural strength value was not the highest. Thus we choose 0.6% Z-6030 in following experiments.
Furthermore, the fracture surface of different groups samples (blank, control, 0.6% and 4.0%) was investigated by SEM. The fracture surface of the blank specimen was irregular. Some cracks with the sharp edge of micro-fracture was obviously found, which demonstrated characteristics of brittle fracture. And the fracture surface of the control specimen was less irregular (Fig.4, A, C) . However, the fracture surface of the 0.6% specimen showed obvious ductile dimple pattern which was the typical ductile fracture (Fig.4, E) . A large aggregate of the nano-particles was found in the fracture surface of the control group (Fig.4, D) . It was due to the great differences between CaSiO 3 nano-particles as inorganic fillers and the PMMA as organic polymer matrix in the structure, which means CaSiO 3 nano-particles and PMMA are incompatible. And without surface modification, CaSiO 3 nano-particles would form large aggregates due to their high surface chemical activity (Fig.5) . So the CaSiO 3 nano-particles should be modified to improve the compatibility and disper- sion between the two substances before adding them into the polymer. It was proved that the CaSiO 3 nano-particles in the matrix of the 0.6% group are more uniform (Fig.4 F) . It was found that appropriate amount of silane coupling agent could improve the wetability between the CaSiO 3 nano-partiles and the PMMA matrix and generate sufficient strength bonding between the interface layer, and the material strength was improved. But overdose silane coupling agent could make CaSiO 3 nano-particles easy to accumulate and form large aggregates (Fig.4, H) . Although the fracture surfaces of the control group and the 4.0% group are less regular, they showed ductile dimple pattern that demonstrate characteristics of ductile fracture (Fig.4, G) . Both the types and number of functional groups in the coupling agents and the self-condensation reaction of the coupling agent itself have effect on the mechanical properties of the polymer composites [34] . Large aggregates of nano-particles would be the defects in the matrix for stress concentration that would decrease the strength of the composites.
3.2
The effect of CaSiO 3 nano-particles on the flexural strength and surface hardness of nanoCaSiO 3 /PMMA composites To investigate the amount effect of CaSiO 3 nano-particles on the flexural strength and surface hardness of the composites, the nano-particles were modified by the same amount of silane coupling agent (0.6%). The amount of CaSiO 3 nano-particles ranged from 0.5% to 4.5%. The flexural strength and the surface hardness of the nano-composites influenced by different amount of CaSiO 3 nano-particles were shown in Table 2 and Table 3 .
The results indicated that the flexural strength of modified CaSiO 3 /PMMA nanocomposites was higher than unmodified nanocomposites with different ratios, when the amount of CaSiO 3 nanoparticals was increased from 0.5% to 1.5%. Accordingly, the flexural strength of CaSiO 3 /PMMA nanocomposites was increased. When the amount of silane coupling agent in nanocomposites was over 1.5%, the flexural strength would decreased slowly in both groups (Fig.6 ). It seemed that 1.5% would be the optimal amount of CaSiO 3 nano-particals in reinforcing PMMA denture base resin, which was improved about 39% compared with the blank (p<0.05). When the amount of modified CaSiO 3 nano-particals was insufficient, the combination between the CaSiO 3 nano-particals and the matrix was not enough. So the flexural strength could not reach maximum value. Furthermore, the fracture surface of different groups (blank and 1.5%) was investigated by SEM (Fig.7) . Some cracks with the sharp edge of micro-fracture was obviously found in the blank specimen, which demonstrated characteristics of brittle fracture (Fig.7, A) . The fracture surface of the 1.5% specimen was regular with obvious ductile dimple pattern demonstrating typical ductile fracture (Fig.7, C) . Contrast with the facture surface of pure PMMA (Fig.7, B) , the 1.5% specimen showed the modified CaSiO 3 nano-particles were uniform dispersed in the matrix (Fig.7, D) . It revealed that appropriate CaSiO 3 nano-particles modified by optimal amount of silane coupling agent could disperse well in PMMA matrix. And when the inorganic CaSiO 3 nano-particles dispersed evenly and individually in the matrix, the interface area was very large, meanwhile once the composites was undertaking external force, CaSiO 3 nano-particles as the centres to form micro-cracks network structure in the PMMA matrix, which could absorb large amount of energy and make the effect on strengthening and toughening [35] .
In respect of Knoop hardness, with the modified nano-particles increasing to 2.0%, the Knoop hardness value of the composites except the 1.0% group increase (Fig.8) , but there were not significant differences between the 1.0% group and the 0.5% group (P>0.05), so the minor fluctuation did not affect the whole increasing trend. It proved that appropriate amount of modified CaSiO 3 nano-particles could reinforce PMMA denture base.
CONCLUSIONS
The amount of silane coupling agent (Z-6030) had effect on the flexural strength of PMMA reinforced with modified CaSiO 3 nano-particles, and which optimal amount is 0.6%. The flexural strength was decreased when the amount of silane coupling agent was higher or lower than the optimal amount. The amount of modified CaSiO 3 nano-particles affected the flexural strength and surface hardness of nanoCaSiO 3 /PMMA composites. Appropriate amount of CaSiO 3 nano-particles modified by appropriate amount of silane coupling agent (Z-6030) could improve the flexural strength and surface hardness of PMMA denture base materials. However, comparing with surface hardness, flexural strength is more important for denture base resin materials. Therefore, 1.5% might be the best amount for CaSiO 3 nano-particles as fillers in the PMMA.
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